The Adamalysins (ADAMs) are transmembrane glycoproteins involved in cell adhesion and proteolytic ectodomain processing of cytokines and adhesion molecules. Many ADAM cytoplasmic domains are proline-rich and have potential phosphorylation sites. We show here that the cytoplasmic domain of ADAM15, metargidin, can interact specifically with Src-family protein tyrosine kinases (PTKs) and the adaptor protein Grb2 in hematopoietic cells (Jurkat, THP-1, U937 and K562 cell lines). SH3 domains from several Src-family PTKs including Lck, 
INTRODUCTION
The adamalysin metalloproteinase-disintegrins (ADAMs) are a branch of the metzincin metalloproteinase superfamily that are related to snake venom metalloproteinases and integrin ligands (1) . They comprise more than 40 cell surface transmembrane proteins whose functions run the gamut from proteolytic processing or "shedding" of cell surface protein ectodomains, to cell adhesion, membrane fusion and intracellular signalling (2) . They contain modular metalloproteinase, disintegrin and cysteine-rich, EGF-like domains, followed in most cases by a transmembrane region and cytoplasmic domain (3) . One of the best characterised is tumour necrosis factor-α convertase (TACE, ADAM17) that processes pro-TNF-α, TNF receptors, Interleukin-6-receptor and L-selectin (3, 4) . Another family member, ADAM10 (kuzbanian) controls cell determination and axon guidance in the nervous system via signalling through the Notch pathway (5) and through shedding of ephrins (6) . However, the functions of most ADAMs are currently unknown, but it is important that they be elucidated since ADAMs are targets for residues, with ADAMs 1, 7-10, 12, 15, and 17 containing consensus class I (RxxPxxP) and class II (PxxPxR) ligands for interaction with SH3 (Src homology region 3) domains of various intracellular proteins (12). The relative positions of these motifs in the cytoplasmic domains varies between the family members, as does the nature of the flanking sequences, suggesting that each ADAM could assemble a characteristic cast of cytoplasmic proteins through specific protein-protein interactions. Some of the cytoplasmic domains contain tyrosine residues, which could be substrates for tyrosine kinases, and when phosphorylated, could act as ligands for SH2
and PTB domains (13). These interactions could be linked to the functions of ADAMs by insideout regulation of catalytic activity, by outside-in signalling, or by regulating other aspects of their function, such as their subcellular localisation or maturation (14) .
Recently a number of binding partners have been identified for the cytoplasmic domains of various ADAMs using yeast two hybrid and other strategies. Direct interactions of the cytoplasmic domains of ADAM9 and 15 with two SH3-containing proteins, endophilin I and a novel protein, SH3PX1 have been reported (15). Also, mitotic arrest deficient-2 (MAD2) was found as a binding partner for the ADAM17 cytoplasmic domain, while a related protein MAD2β associated strongly with the corresponding domain of ADAM9, and more weakly with ADAM15 and 19 (16) . In Xenopus, ADAM13 has been linked with neural crest cell migration (17) . It associates with Src and PACSIN2, the latter being another SH3-domain containing Transfections -293T cells were transfected with expression plasmids for ADAM15 and/or constitutively active Hck, wild-type Hck, dominant-negative Hck in 6 well plates for 24 hours. FuGENE 6 transfection reagent was used according to manufacturers' directions (Roche Diagnostics Ltd, UK).
Gst-SH3/SH2 fusion Proteins -Bacterial expression vectors encoding different regions of
various Src-family PTKs coupled to Gst: Gst-Fyn/SH3, Gst-Lck/SH3, Gst-Abl/SH3, GstLyn/SH3 have been described previously (28, 29) . Similarly, Gst-Hck/SH3, Gst-Hck/SH2, GstHck/SH3/SH2, Gst-Hck/Unique/SH3/SH2, Gst-Src/SH3 expression vectors have been described previously (30) .
Gst-cytoplasmic domain fusion proteins -Bacterial expression vectors encoding the cytoplasmic domains of various ADAMs fused to Gst were either constructed for this study, or obtained from other investigators. Gst-ADAM10 was provided from Celltech, Gst-ADAM17 was from Dr Stephen Robbins (University of Calgary, Canada). Gst-ADAM15 expression vector was constructed for this study, using the full-length human ADAM15 cDNA as a template. The cytoplasmic domain of ADAM15 was amplified by PCR and cloned into pGEX-5X-1 between EcoR1 and Xho1 sites using the following primers: sense primer, 5'-GGAATTCGGTGCCGGCTACTGGTACCGTGCCCGC -3', antisense primer, 5'-GGCCTCGAGTCAGAGGTAGAGCGAGGACACTGTCG -3'. Gst-ADAM15 expression vectors containing various tyrosine to phenylalanine mutations, or proline truncations were also constructed for this study.
The GEX expression vectors were introduced into competent E.coli BL21 bacteria, and expression of Gst-fusion proteins was induced as follows. Overnight cultures grown in 50ml of LB were diluted 1:10 in 2xYT broth, after which isopropyl-1-thio-β-D-galactopyranoside (IPTG, Sigma, Dorset, England) was added at a final concentration of 0.1 mM. Bacteria were collected after 4h. The pelleted cells were resuspended in 20 ml of PBS containing 10µg/ml aprotinin and leupeptin, and 1 mM PMSF, and lysed by sonication. Afterwards Triton X-100 was added to a final concentration of 1%, and incubated for 30 min on ice. Cellular debris was removed by centrifugation at 9,500 rpm for 20 min. Supernatants were incubated with 0.5ml of a 50% slurry of glutathione-sepharose beads (Amersham/Pharmacia, England) for 1 h at 4 0 C. Afterwards the beads were washed 3 times with ice-cold PBS.
If necessary the fusion proteins were eluted from the beads by the addition of reduced glutathione, followed by buffer exchange and concentration on Microcon YM-10 columns (Millipore Corporation, USA).
To produce tyrosine-phosphorylated proteins, GEX expression vectors were introduced into E.coli TKB1 competent cells (Stratagene Europe, The Netherlands). Expression of recombinant protein was achieved as described above, with some modification. The IPTG induction step was reduced to 3 h, followed by 2 h growth in the presence of indole-acrilic acid to induce plasmid encoded Elk tyrosine kinase (Stratagene Europe, The Netherlands).
Pull-down Assays -Cells were lysed at 6x10 6 cells/ml of NP-40 buffer (150 mM NaCl, 50 mM HEPES (pH 7.4), 1.5 mM MgCl 2 , 10% glycerol, 1% NP-40, 1 mM EGTA, 1 mM EDTA, 10 µg/ml aprotinin and leupeptin, 1mM PMSF), supplemented with 1 mM sodium Na 3 VO 4 and 10 mM NaF, unless stated otherwise. Pull-down assays were conducted by adding 2-4µg of Gst-fusion protein/sepharose slurry to 1 ml of cell lysate. After 1 h incubation at 4 0 C on a rotator beads were washed three times with NP-40 buffer, resolved on SDS-PAGE, and subjected to immunoblotting.
Protein Dephosphorylation -Dephosphorylation was achieved by omitting Na 3 VO 4 and NaF, potent phosphatase inhibitors, from the lysis buffer, followed by preincubation of cleared lysate at 4 0 C for 24 h prior to pull-down assays. Far Western Blotting -Immunoprecipitated kinases were subjected to SDS-PAGE, transferred to PVDF membranes (Roche Diagnostics Ltd, UK). The membranes were blocked in PBST (PBS with 0.05% Tween 20) containing 5% milk, followed by incubation with Gst-ADAM15 at 5 µg/ml in blocking solution for 2 h at room temperature. After four washes in PBST, the membrane was incubated with anti-Gst antibodies (1 µg/ml) and anti-goat-HRP
Immunoprecipitation and in vitro Protein
(1:5000) in blocking solution. The ECL detection system was used according to the guidelines of the manufacturer (Amersham/Pharmacia, England).
RESULTS
Interaction of Various SH3 Domains with ADAM15 -We initially explored the ability of a number of recombinant GST-SH3 domains from Src-family PTKs and other signalling proteins to interact with ADAMs using pull-down assays of extracts from hematopoietic cells, followed by western analysis with anti-ADAM antibodies. Though ADAM17 was poorly represented in these assays (data not shown), we consistently found strong detection of ADAM15 in pull-down assays with SH3 domains from Fyn, Lck Abl, and Src ( Figure 1A) . A major ADAM15
immunoreactive band at ~100kDa, corresponding to the predicted size of the pro-form of ADAM15, associated with a number of Gst-SH3 domains using cell lysates from U937 ( Figure   1A ), THP-1 ( Figure 1B ) and Jurkat cells (not shown). Higher molecular weight bands at approximately 150kDa and 250kDa were variably seen, but since these were not evident with all anti-ADAM15 antibodies (see below) their identity is uncertain. The 100kDa band was also observed with a second anti-ADAM15 antibody raised against the disintegrin domain (27) and a third antibody against the cytoplasmic domain ( Figure 1C ) supporting its identification as pro-ADAM15. Immunoprecipitation of ADAM15 from U937, Jurkat and K562 cells with anti-ADAM15 catalytic domain antibody followed by immunoblotting with anti-cytoplasmic domain antibody also revealed a ~75kDa species that has been reported to be the mature, proteolytically processed form (27, 31) . This 75kDa ADAM15 was usually present as a minor species and in variable amounts. PMA stimulation of K562 cells led to a rapid decrease in its abundance, whereas treatment with lactacystin for 30min to prevent proteasome-mediated degradation caused the 75kDa band to accumulate, suggesting that this form is relatively unstable due to rapid intracellular proteolysis. These results therefore support the identification of the 100kDa and 75kDa bands as pro-and mature forms of ADAM15, and indicate strong, selective interactions between the ADAM15-cytoplasmic domain and various Src-family PTKs.
The cytoplasmic domain of ADAM15 has four tyrosines, which are possible targets for protein tyrosine kinases, and three of these (Tyr  715 Tyr 
Phosphorylation-dependent Binding of Src-family PTK to ADAM15 Cytoplasmic Domain
-We then carried out reciprocal pull-down experiments using GST-ADAM cytoplasmic domains to explore further the potential associations of ADAMs with intracellular signalling mediators. Gst fusion proteins containing the cytoplasmic domains of ADAM15, ADAM17, and ADAM10 were generated. These fusion proteins were prepared in both nonphosphorylated and tyrosine-phosphorylated forms by expressing them in either BL21 or TKB1 strains of E.coli, respectively. Immunoblotting with anti-phosphotyrosine antibodies showed that the proteins prepared in TKB1 strain contained phosphorylated tyrosines, while those prepared in BL21 did not (data not shown). The ability of the Src family kinase Lck to associate with the cytoplasmic domains of the ADAMs was examined using pull-down assays from lysates of unstimulated Jurkat cells, and the amount of Lck associated with the various ADAM fusion proteins examined by immunoblotting ( Figure 2 ). We did not detect the binding of Lck to Gst or Gst-ADAM17 under these conditions. There was a small amount of binding to both phosphorylated and unphosphorylated forms of ADAM10. In contrast, there was significant Lck association with the unphosphorylated Gst-ADAM15, which was enhanced further when the GST-ADAM15 fusion protein was phosphorylated. These data indicate the possible involvement of phosphorylated tyrosines in the cytoplasmic domain of ADAM15 in the engagement of this protein with Lck.
Since MAD2 has been identified as a binding partner for the ADAM17 cytoplasmic domain in a yeast two-hybrid screen (16) it was of interest to examine these interactions using the pull-down assay system. Figure 2 confirms that the cytoplasmic domains of ADAM15 and ADAM17 bind to MAD2, and, moreover, the ADAM17-MAD2 association is phosphorylation independent, whereas ADAM15 phosphorylation slightly reduced its binding to MAD2. This result also confirms that the absence of appreciable binding of Lck to the Gst-ADAM17 in the upper panel was not attributable to a failure of the fusion protein to fold correctly. The cytoplasmic domain of ADAM10 showed very weak association with MAD2.
We also tested whether the PxxP motifs in ADAM15 and ADAM17 cytoplasmic domains might be ligands for the SH3 domains of the adapter protein Grb2 by stripping and re-probing the membranes from the upper panels in Figure 2 . Both phosphorylated and unphosphorylated forms of the ADAM15 cytoplasmic domain strongly bound Grb2, and the interaction was slightly enhanced when the pull-down assay was performed with the phosphorylated protein. The cytoplasmic domains of ADAM10 and ADAM17 did not interact with Grb2 under these conditions. Taken together, the above observations provide evidence for highly selective interactions between ADAM cytoplasmic domains and intracellular regulators that are dependent on the identity and phosphorylation status of the ADAM. Immunoblotting with anti-ADAM15 confirmed equivalent recoveries of ADAM15 in the complexes. Upon PMA stimulation Lck was shifted to its slower migrating p59 isoform. Both forms of Lck (p56 and p59) were co-precipitated with ADAM15. Immunoblotting the membranes with anti-4G10 antibodies detected strong bands that were coincident with the p56 and p59 Lck forms. An unknown phosphotyrosine containing protein (~p72) was also detected in the ADAM15 immunoprecipitates. Moreover, the 100kDa ADAM15 band itself showed strong 4G10 immunoreactivity which increased following PMA stimulation. These data confirm that ADAM15 is tyrosine phosphorylated in Jurkat cells and exists in a complex with Lck, as well as other tyrosine phosphorylated proteins.
Differential requirements for ADAM15 and Src-family PTK interactions -To investigate
whether kinase activity is necessary for ADAM15 and Lck interaction, we treated Jurkat cells with either PMA or the Src-family PTK inhibitor PP1, or a combination of PMA and PP1 prior to generation of extracts for pull-down assays. As previously, we performed the pull-down assays with both phosphorylated and unphosphorylated forms of the ADAM15 cytoplasmic domain, and associated proteins were analysed by Western Blotting. Immunoblotting with antiLck antibody ( Figure 4A ) showed that both forms of the ADAM15 cytoplasmic domain associated with Lck, although the association of the phosphorylated ADAM15 was higher, consistent with our previous data. PP1 treatment did not influence the extent of Lck binding to ADAM15, indicating that the activity level of Lck is not a factor in its ability to bind to the ADAM. Grb2 binding to ADAM15 was also unaffected by PMA or PP1 treatment.
Previous data had indicated that Hck SH3 domain was distinct from the SH3 regions of other Src-family PTKs in showing poor binding to ADAM15 ( Figure 1A ). We explored this apparent distinction further using extracts from U937 cells treated with PMA, PP1 or a combination of the two, in an experiment parallel to Figure 4A with the Jurkat cells. U937 cells contain high levels of Hck and were optimal for this experiment. Figure 4B shows that Hck interaction with unphosphorylated ADAM15 was very low, consistent with the earlier data.
However, there was strong enhancement of Hck binding to phosphorylated ADAM15, and this interaction was reduced slightly on PP1 treatment, and more profoundly following PMA stimulation. PMA treatment of U937 cells leads to adhesion of the cells, which is associated with Hck downregulation (32) . These data argue that the catalytic activity of Hck is important for its ability to associate with the ADAM15 cytoplasmic domain. Furthermore, they suggest that even though ADAM15 associates with both Lck and Hck, that nature of these interactions is different.
To assess the relative contributions of SH2 and SH3 domains to the association of Lck and Hck with ADAM15, we carried out pull-down assays from U937 and K562 cell extracts using Gst fusion proteins containing the SH2 and SH3 domains of Lck and Hck. As shown in Figure 4C , only the SH3 domain of Lck interacted with pro-ADAM15. In contrast, the data in Figure 4D demonstrate that the SH2 domain of Hck plays a significant part in its interaction with ADAM15. In addition to enhanced binding of the 100kDa pro-form to the SH2 domain compared to the Hck SH3 domain seen in the K562 cell experiment, the Hck SH2 region alone interacted with the 75kDa mature form of ADAM15 ( Figure 1 ). Thus, these data suggest that for Hck, the association with ADAM15 may involve both the SH2 and SH3 regions of the protein, whereas binding of ADAM15 to Lck is dominated by interaction with the SH3 domain. immunoprecipitates. These data suggest that ADAM15 associates strongly with Lck, but possibly is not a good substrate for this kinase. Instead, it appears to be a better substrate for Hck, and possibly also Bcr-Abl. Immune complexes of Fyn, Abl and Syk gave no appreciable phosphorylation of the Gst-ADAM15, suggesting that ADAM15 is not a substrate for these kinases.
In vitro phosphorylation of ADAM15 by Hck

Direct interaction of ADAM15 with Lck and Hck -The associations and functional
interactions that we have observed between ADAM15 and the proteins analysed in this study could involve direct protein-protein interactions, or they could require additional adaptor proteins for assembly. To determine whether interactions between ADAM15 and kinases are direct, we performed Far-Western analysis of immunoprecipitated kinases (Lck, Hck and Abl/Bcr-Abl) with phosphorylated Gst-ADAM15 ( Figure 7 ). The phosphorylated Gst-ADAM15 cytoplasmic domain bound to Hck and Lck, supporting a direct association between ADAM15 and these kinases. There was no detectable binding of ADAM15 to Abl or Bcr-Abl, suggesting that the ability of Bcr-Abl to phosphorylate ADAM15 seen in Figure 6 likely involves an intermediary.
Since we have shown in Figure 2 that Grb2 can bind ADAM15, and Grb2 also binds Bcr-Abl (33), this is a potential candidate.
Mutational analysis of ADAM15 interactions with Lck and Grb2 -The cytoplasmic
domain of ADAM15 contains eight PxxP motifs grouped in three proline-rich clusters. As indicated in Figure 8A , two of these PxxP motifs within the first and third proline-rich clusters conform to the consensus sequence of class I (RxxPxxP) and class II (PxxPxR) ligands for Srcfamily PTK SH3 domains. We tried to identify which proline-rich clusters and/or tyrosines are involved in the interactions between ADAM15 cytoplasmic domain and Lck or Grb2. We generated a set of mutant ADAM15 cytoplasmic domains, with various tyrosine/phenylalanine substitutions and/or truncated proline-rich regions. All these fusion proteins were prepared in E.coli TKB1 and used for pull-down assays from the lysates of unstimulated Jurkat cells, and Lck and Grb2 association was examined by immunoblotting ( Figure 8B ). The data demonstrate that the proline-rich region alone is sufficient for binding of Lck and Grb2 (lanes 16 and 17) and It is clear that ADAM15 shows selectivity for association with SH3 domains from Src-family
PTKs and Grb2, since we saw no binding with SH3 fusion proteins generated from p85 subunit inhibitor profile of L1 shedding also indicates that it involves an ADAM (40) . Moreover, the mediated by ADAM17 in monocytes/macrophages and lymphocytes (24, 25) , suggests that an Src-family PTK is involved at some level (41) .
Another issue raised by the present work concerns the functional role of ADAM15. Although the metalloproteinase domain of ADAM15 contains the HEXGH Zn-binding signature required for catalytic activity, to date no substrates have been identified for this potential proteinase.
Human ADAM15 was originally given the name metargidin based on the presence of an RGD motif within its disintegrin domain (42) . We have demonstrated that human ADAM15 interacts with both αvβ3 on U937 monocytes and α5β1 on a T-cell line in an RGD-dependent fashion (43) . However, mouse ADAM15 lacks the RGD motif and fails to bind to these integrins, though both mouse and human ADAM15 bind to α9β1 in an RGD-independent fashion (44) . Thus it is possible that the primary function of ADAM15 is not proteolysis but adhesion, and this in turn The present data demonstrate interactions between ADAM family members and intracellular signalling mediators that are ADAM-specific and phosphorylation dependent with regard to the ADAM cytoplasmic domain. Moreover, these associations were functional, since they could be demonstrated within the cell, and ADAM15 was shown to be a substrate for Src-family PTKs.
We suggest that these interactions may be significant in the connections between Src-family PTKs and cell surface proteolysis, however it is also possible that they are linked with the changes in adhesion and migratory behavior that accompany both lymphoid and myeloid cell activation. Hck, Lck, and Abl isoforms were immunoprecipitated from U937, Jurkat, and K562 cell lysates, respectively. Immunoprecipitated kinases were run on SDS-PAGE and transferred onto PVDF membranes. A The membrane was probed with p-Gst-ADAM15 at 5µg/ml, followed by washes and subsequent probing with goat anti-Gst antibodies and anti-goat HRP. B Stripes of the membranes were probed with respective antibodies for each kinase to check the recovered amounts in the immunoprecipitates. The binding was detected by ECL. YY Y P P P Y YY Y P P P Y YY Y P P P F F F Y P P P Y F F Y P P P F YY F P P P Y YY F P P P F F F F P P P Y F F F P P P F YY Y P P YY Y P F F Y P P F F Y P F F F P P F F F P P P P Y P P P F 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 
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